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Photodisintegration reaction rates involving charged particles are of relevance to the p-process
nucleosynthesis that aims at explaining the production of the stable neutron-deficient nuclides heav-
ier than iron. In this study, considering the compound and pre-equilibrium reaction mechanisms,
the cross sections and astrophysical rates of (γ,p) and (γ,α) reactions for about 3000 target nuclei
with 10 ≤ Z ≤ 100 ranging from stable to proton dripline nuclei are computed. To study the
sensitivity of the calculations to the optical model potentials (OMPs), both the phenomenological
Woods-Saxon and the microscopic folding OMPs are taken into account. The systematic compar-
isons show that the reaction rates, especially for the (γ,α) reaction, are dramatically influenced by
the OMPs. Thus the better determination of the OMP is crucial to reduce the uncertainties of
the photodisintegration reaction rates involving charged particles. Meanwhile, a γ-beam facility at
Extreme Light Infrastructure-Nuclear Physics (ELI-NP) is being developed, which will open new
opportunities to experimentally study the photodisintegration reactions of astrophysics interest.
Considering both the important reactions identified by the nucleosynthesis studies and the purpose
of complementing the experimental results for the reactions involving p-nuclei, the measurements
of six (γ,p) and eight (γ,α) reactions based on the γ-beam facility and the Extreme Light Infras-
tructure Silicon Strip Array (ELISSA) for the charged particles detection at ELI-NP are proposed.
Furthermore, the GEANT4 simulations on these (γ,p) and (γ,α) reactions are performed using the
calculated cross sections and the features of the γ-beam facility and the ELISSA detector at ELI-NP.
Simultaneously satisfying the minimum detectable limit of the experimental yield and the particle
identification of proton and α particle, the minimum required energies of the γ-beam to measure the
six (γ,p) and eight (γ,α) reactions are estimated. It is shown that the direct measurements of these
photonuclear reactions based on the γ-beam facility at ELI-NP within the Gamow windows at the
typical temperature of T9=2.5 for p-process are fairly feasible and promising. We believe that this
pivotal work will guide the future photodisintegration experiments at ELI-NP. Furthermore, the
expected experimental results will be used to constrain the OMPs of the charged particles, which
can eventually reduce the uncertainties of the reaction rates for the p-process nucleosynthesis.
PACS numbers: 24.60.-k,25.20.-x,26.50.+x,29.30.Ep
I. INTRODUCTION
In massive star evolution and stellar explosive site, the
astrophysical p-process [1–12] is an important way of nu-
cleosynthesis to produce the stable and proton-rich nu-
clei beyond iron which cannot be reached by the s- and
r-processes. The common picture is that the p-nuclei are
synthesized by photodisintegration of the pre-existing s-
and r-processes nuclei via the (γ,n), (γ,p), and (γ,α) re-
actions. The dominant nuclear flows of the p-process go
∗yi.xu@eli-np.ro
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towards the neutron-deficient region through the (γ,n)
reactions. Along the isotopic paths, the proton separa-
tion energies become progressively smaller, while the cor-
responding energies for the neutrons go up. As a result,
the flows to more neutron-deficient isotopes are hindered,
and sometimes are deflected by the (γ,p) and (γ,α) re-
actions. The typical temperature of the p-process is be-
tween T9=1.5 (T9 is the temperature in units of 10
9 K)
and T9=3.5.
For the complete determination of p-process, accurate
knowledge of the capture and photodisintegration reac-
tion rates for about 3000 stable and proton-rich nuclei is
necessary. Although significant efforts have been made
to study the reactions involved in the p-process, avail-
able experimental information, especially for the unstable
2and exotic nuclei, are still limited [13–17]. To evaluate
the reaction rates for which the experimental data are
not available yet, state-of-the-art nuclear reaction mod-
els with the nuclear structure knowledge deduced by the
microscopic models should be taken into account [18–20].
However, the theoretical estimates, for example within
the framework of the Hauser-Feshbach statistical model,
remain uncertain due to the lack of complete nuclear
structure knowledge, such like the nuclear potential of
α particle at the energy region far below the Coulomb
barrier [21–23]. On the other hand, research opportuni-
ties on the measurements of the photonuclear reactions
[24] including the (γ,p) and (γ,α) channels at the energy
range of astrophysics interest, based on the new devel-
oped γ-beam facility at Extreme Light Infrastructure -
Nuclear Physics (ELI-NP), are quite promising, which is
expected to bring the new experimental constraint on the
p-process nucleosynthesis [25].
In the present study, the reaction mechanism and re-
action model, as well as the OMPs for proton and α
particle used for the calculations, are briefly described
in Section II. The systematic computations of the cross
sections and astrophysical rates for the (γ,p) and (γ,α)
reactions on about 3000 target nuclei are performed, and
the results are presented in Section III, in which the mea-
surements of the important (γ,p) and (γ,α) reactions for
the p-process nucleosynthesis are proposed as well. The
realistic GEANT4 simulation for the measurements of
these important reactions at the energy range of astro-
physics interest based on the γ-beam facility at ELI-NP
is conducted, and correspondingly the explicit results are
given in Section IV. Summary is presented in Section V.
II. THEORY
A. Reaction mechanism and model
The compound nucleus contribution (CNC) is usually
dominant to the reaction in the energy range of astro-
physics interest, which is well described by the Hauser-
Feshbach model [26]. This model relies on the fundamen-
tal Bohr hypothesis that the reaction occurs by means of
the intermediary formation of a compound nucleus that
can reach a state of thermodynamic equilibrium. The
formation of a compound nucleus occurs if the nuclear
level density (NLD) in the compound nucleus, at the ex-
citation energy corresponding to the projectile incident
energy, is sufficiently high [27–29].
Provided the reaction A+ γ = B + b (b = proton or α
particle) represents the photon excitation on the nucleus
A resulting the residual nucleus B with an emitted proton
or α particle, the corresponding binary cross section of
the CNC can be written as
σCNC(E) =
A∑
x=0
B∑
x=0
σCNCAx+γ−>Bx+b(E). (1)
The summation
∑A
x=0 and
∑B
x=0, where the energy level
scheme is represented by the x-th excited states (x=0
refers to the ground state), take over all the possible
states (ground and excitation states) of the target A and
the residual nucleus B. Each state is characterized by
its spin SxA, parity pi
x
A and excitation energy E
x
A for the
target A (and similarly for the residual nucleus B).
The expression of the cross section σCNCAx+γ−>Bx+b(E)
is given by (e.g. [19, 30])
σCNCAx+γ−>Bx+b(Eγ)
=
pi
k2
lmax+SAx+Sγ∑
J=mod(SAx+Sγ ,1)
1∑
Π=−1
2J + 1
(2SAx + 1)(2Sγ + 1)
×
J+SAx∑
λ=|J−SAx |
λ+Sγ∑
li=|λ−Sγ |
J+SBx∑
Jb=|J−SBx |
Jb+Sb∑
lf=|Jb−Sb|
×δpiCγδ
pi
Cb
〈T JCγ ,li,λ(Eγ)〉〈T
J
Cb,lf ,Jb
(Eb)〉∑
Clj δ
pi
C〈T
J
Clj(EC)〉
W JCγ liλCblfJb ,(2)
where Eγ the incident energy of γ; k the wave number
of the relative motion; lmax the maximum value of the
relative orbital momentum; J and Π the total angular
momentum and the parity of the compound nucleus; SAx
the spin of the target Ax, Sγ the spin of photon, λ the
multi-polarity of photon (total angular momentum), li
the relative orbital momentum of the target Ax and pho-
ton; SBx the spin of the residual nucleus B
x, Sb the spin
of the emitted particle (proton or α particle here), Jb the
total angular momentum of the emitted particle, lf the
relative orbital momentum of the residual nucleus Bx and
the emitted particle; Eb the energy of the emitted parti-
cle; Cγ the channel label of the initial system (A
x+γ) des-
ignated by Cγ=(γ, Sγ , Eγ , EAx , SAx , piAx); Cb the chan-
nel label of the final system (Bx+b) designated by Cb=(b,
Sb, Eb, EBx , SBx , piBx); δ
pi
Cγ
=1 if piAxpiγ(−1)
li=Π and 0
otherwise; δpiCb=1 if piBxpib(−1)
lf=Π and 0 otherwise; piγ
the parity of photon, pib the parity of the emitted par-
ticle; T the transmission coefficient;
∑
Clj δ
pi
C〈T
J
Clj(EC)〉
the sum of the transmission coefficient T for all of the pos-
sible decay channels C of the compound nucleus; and W
the width fluctuation correction factor for which different
approximate expressions are described and discussed in
Ref. [31]. In particular, the transmission coefficient for
the particle emission is determined by the optical poten-
tials between the two interacting particles, while the pho-
ton transmission coefficient relies on the γ-ray strength
function.
The pre-equilibrium contribution (PEC) may become
significant for the increasing energy or for the involved
nuclei of which the compound nucleus does not have
time to reach the thermodynamic equilibrium. The pre-
equilibrium process can occur after the first stage of the
reaction but long before the statistical equilibrium of the
compound nucleus is reached. One of the most widely
used model to describe the PEC is the (one- or two-
component) exciton model [32], in which the nuclear state
3is characterized by, at any moment during the reaction,
the total energy and the total number of particle(p)-
hole(h) above and below the Fermi surface. Particles
and holes are referred to as exciton. Furthermore, it is
assumed that all possible ways of sharing the excitation
energy between different particle-hole configurations at
the same exciton number, n = p + h, have an equal a-
priori probability. The basic starting point of the ex-
citon model is a time-dependent master equation which
describes the probability of the transitions to more and
less complex p-h states, as well as the transitions to the
continuum (emission). The complete formalism of the
exciton model can be found in Ref. [32].
B. Optical model potentials (OMPs)
The nuclear ingredients, required for the reaction
model calculation, can be extracted by the basic nuclear
structure properties. Whenever available, the nuclear
ingredients are taken from the experimental data, and
if not, are deduced by the parametric phenomenologi-
cal and microscopic models. The optical model poten-
tial (OMP) is an essential input for the calculations of
the nuclear reaction properties, especially for the cap-
ture and photodisintegration reactions involving charged
particles. In the present study, both of the paramet-
ric phenomenological and microscopic folding OMPs are
employed to quantitatively and systematically study the
cross sections and the reaction rates for (γ,p) and (γ,α)
reactions on about 3000 stable and proton-rich nuclei.
The Koning-Delaroche global phenomenological OMP
with the Woods-Saxon form for the system of (nucleon
+ target) is described in detail in Ref. [33], which was
completely verified by the extensive experimental data of
nucleon induced reactions with the incident energies from
1 keV up to 200 MeV and the target masses range from
A = 24 to A = 209. This OMP is based on a smooth and
unique functional form for the energy dependence of the
potential depths and the physically constrained geometry
parameters. The explicit expression reads
U(E, r) = −Vv(E, r) − iWv(E, r) − iWs(E, r)
+Vs.o.(E, r) + Vc.(r), (3)
where Vv and Wv,s are the real and imaginary compo-
nents of the volume-central (v) and surface-central (s)
potentials; Vs.o. is the spin-orbit potential; and Vc. is
the Coulomb potential, respectively. The central poten-
tials are separated into energy-dependent well depths and
energy-independent form factor, namely
V,Wv(E, r) = V,Wv(E)× f(r, Rv, av), (4)
and
Ws(E, r) = −4asWs(E)× d(f(r, Rs, as))/dr. (5)
The form factor f is in a Woods-Saxon form
f(r, Ri, ai) = (1 + exp[(r −Ri)/ai])
−1, (6)
where the geometry parameters are the radius Ri =
riA
1/3 with A being the atomic mass number and the
diffuseness ai. The OMP parameterisation for proton in
a function of Z, A and incident energy E, deduced by the
explicit expressions in Ref. [32], is used for the present
calculation.
On the other hand, the Bruye`res-le-Chaˆtel renormal-
ization [34] of the Jeukenne-Lejeune-Mahaux [35, 36],
referred as JLMB, is the global microscopic nucleon-
nucleus OMP adjusted on the experimental data of the
nuclei from A = 30 to A = 240 and for the energies rang-
ing from 10 keV up to 200 MeV. The JLMB OMP has
been phenomenologically renormalized in Refs. [34, 37]
to improve the agreement between the experimental ob-
servables and the predictions for a large set of data.
The JLMB OMP for a given nuclear matter density ρ
= ρn + ρp and asymmetry α = (ρn − ρp)/ρ reads
V (E, r) = λV (E)[V0(E) + λV 1(E)αV1(E)] +
iλW (E)[W0(E) + λW1(E)αW1(E)] (7)
with E the incident nucleon energy; V0(E), V1(E),
W0(E), and W1(E) the real isoscalar, real isovector,
imaginary isoscalar, and imaginary isovector compo-
nents, respectively; λV (E), λV 1(E), λW (E), and λW1(E)
the respective renormalization factors. The explicit ex-
pressions can be found in Ref. [34].
The JLMB OMP has been extensively used for the
nuclear astrophysics applications[19, 30], and here is also
employed for the present calculations of the cross sections
and the reaction rates. In particular, the matter den-
sity (ρn and ρp) [38, 39] predicted by the Hartree-Fock-
Bogoliubov (HFB) method based on the BSk21 Skyrme
interaction are used to calculate the four components of
the JLMB potential in Eq. (7) on the basis of local den-
sity approximation applied to the Bru¨ckner-Hartree-Fock
calculation of the nuclear matter [35, 36].
For the system of (α particle + target), the phe-
nomenological Woods-Saxon OMP with the expressions
of Eqs. (3) and (4) are considered. The OMP parameters
of depth, radius and diffuseness are determined by fitting
the most available cross sections of α particle induced re-
actions below the Coulomb barrier on the target nuclei
within the mass number of 45 ≤ A ≤ 209 [40, 41], and the
explicit expressions of these parameters with E-, A- and
Z- dependencies can be found in Refs. [42, 43]. Since the
experimental data below the Coulomb barrier are used
to derive the potential parameters, this potential would
be especially proper to calculate the cross sections and
the reaction rates at the low energy range of astrophysics
interest, and thus is used in the present calculation for
the (γ,α) reaction.
Meanwhile, global OMP for the system of (α particle
+ target) is proposed by Ref. [44], taking into account
the strong energy dependence and the nuclear structure
effects characterizing the α-nucleus interaction [45]. The
real part of this potential is obtained using a microscopic
double-folding procedure over the M3Y effective nucleon-
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FIG. 1: Comparisons of the (γ,p) cross sections calculated by the phenomenological Woods-Saxon and the JLMB folding OMPs
for eight p-nuclei targets of 74Se, 84Sr, 92Mo, 96Ru, 102Pd, 106Cd, 112Sn, and 120Te. The results calculated by the Woods-Saxon
and the JLMB OMPs are respectively shown as the black solid lines and the red dash lines. The computations of Ref. [18] are
shown as the blue dash-dot lines for comparisons.
nucleon interaction, which can be described as:
VDF (E, r) =
∫ ∫
ρp(rp)ρt(rt)
×υeff (E, ρ = ρp + ρt, s = |r + rp − rt|)d
3rpd
3rt. (8)
In Eq. (8), ρp and ρt are the density distributions of the
projectile and the target, respectively; r is the separation
of the centers of mass of the target and the projectile; and
υeff is the effective nucleon-nucleon interaction, which
depends on the energy E and the local densities ρp and
ρt. A phenomenological imaginary potential consisting
of both the volume (Eq. (4)) and the surface (Eq. (5))
components with a Woods-Saxon form (Eq. (6)) is em-
ployed.
A significant improvement on this OMP of α particle
is to import the dispersion relation linking the double-
folding real parts with M3Y interaction and the phe-
nomenological imaginary part with Woods-Saxon param-
eterization. Such additional constraint on the relation
between the real part of the potential and the imaginary
one can reduce the ambiguities in deriving the analytic
expression of the potential from the experimental data. It
is demonstrated that a large group of experimental data
on the α particle elastic scattering and the α particle
induced reactions at the energies of astrophysics applica-
tion are well reproduced by the dispersive OMP. Global
α particle OMP with the dispersion relation between the
M3Y double-folding real part and the phenomenological
Woods-Saxon imaginary part is used for the present cal-
culation. The HFB-21 matter densities [38, 39] are taken
into account to generate the M3Y real part.
III. CALCULATION RESULTS AND
SUGGESTIONS FOR PHOTONUCLEAR
MEASUREMENTS
A. Systematical calculations
TALYS [46] is a software package for the simulation
of nuclear reactions, which provides a complete descrip-
tion of all reaction channels and observables, and many
state-of-the-art nuclear models covering all the main re-
action mechanisms encountered in light particles induced
nuclear reactions are included. The program is optimized
for incident projectile energies ranging from 1 keV to 1
GeV on the target nuclei with mass numbers between 10
and 410. It includes photon, neutron, proton, deuteron,
triton, 3He, and α particle as both projectiles and ejec-
tiles, and single-particle as well as multi-particle emis-
sions and fission. TALYS is designed to calculate the to-
tal and partial cross sections, the residual and isomer pro-
duction cross sections, the discrete and continuum γ-ray
production cross sections, the energy spectra, the angu-
lar distributions, the double-differential spectra, as well
as the recoil cross sections.
For the (γ,p) and (γ,α) reactions on about 3000 sta-
ble and proton-rich target nuclei, the calculations of the
cross sections and the astrophysical reaction rates are
performed with TALYS 1.8, which generate the results
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FIG. 2: Comparisons of the (γ,α) cross sections calculated by the phenomenological Woods-Saxon and the M3Y folding
potentials for twelve p-nuclei targets of 74Se, 94Mo, 96Ru, 98Ru, 102Pd, 106Cd, 112Sn, 120Te, 132Ba, 144Sm, 148Gd, and 184Os.
The results calculated by the Woods-Saxon and the M3Y OMPs are respectively shown as the black solid lines and the red
dash lines. The computations of Ref. [18] are shown as the blue dash-dot lines for comparisons.
illustrated in Figures 1-4. The nuclear structure ingredi-
ents used for the TALYS computations are explicitly pre-
sented as follows. The nuclear masses are taken from the
Atomic Mass Evaluation 2016 (AME2016) [47] whenever
available, while the HFB-21 nuclear masses [38] are taken
into account when the AME2016 data are not available.
The discrete experimental levels compiled in RIPL-3 li-
brary [48] and the continuum level spectrum represented
by the NLDs are both considered in the calculations of
the photonuclear reactions. The NLDs are theoretically
determined by the microscopic HFB plus a combinatorial
approach [49] that can well reproduce the low-lying cu-
mulative number of the experimental levels. The photon
strength functions obtained from the HFB plus quasi-
particle random phase approximation (QRPA) [50] are
used to calculate the electromagnetic transmission coef-
ficients for the photon channel. The OMPs described
in Section II B are employed to determine the transmis-
sion coefficients for the particle channels. Specifically,
the phenomenological Woods-Saxon OMPs [33] and the
microscopic JLMB folding OMPs [34–37] are respectively
used for the calculations of the (γ,p) reactions, and two
sets of results are correspondingly obtained. Similarly,
for the (γ,α) reactions, two sets of results are also com-
puted using the phenomenological Woods-Saxon OMPs
[42, 43] and the microscopic M3Y folding OMPs [44], re-
spectively.
B. Comparisons of the results
The comparisons of the (γ,p) cross sections calculated
by the Woods-Saxon OMPs and the JLMB OMPs are
shown in Figure 1 for eight p-nuclei of 74Se, 84Sr, 92Mo,
96Ru, 102Pd, 106Cd, 112Sn, and 120Te. It is found that at
the energy range below Ec.m. = 20 MeV, there is no dra-
matic disparity of the cross sections calculated by these
two types of the OMPs. The comparisons of the (γ,α)
cross sections calculated by the Woods-Saxon OMPs and
the M3Y OMPs are shown in Figure 2 for twelve p-nuclei
of 74Se, 94Mo, 96Ru, 98Ru, 102Pd, 106Cd, 112Sn, 120Te,
132Ba, 144Sm, 148Gd, and 184Os. We can see that in
Figure 2, the differences of the (γ,α) cross sections calcu-
lated by the two types of OMPs could reach one order of
6magnitude for most studied nuclei at the energy range of
astrophysics interest. Since there is no direct measure-
ment on the cross section of (γ,p) and (γ,α) reactions
below Eγ = 20 MeV, we compare our theoretical results
in Figures 1 and 2 to the available (γ,p) and (γ,α) cross
sections calculated by the Hauser-Fechbach model [18].
Fair agreements for most (γ,p) cross sections are found,
while for (γ,α) reactions, evident differences can be seen
for the targets of 102Pd, 120Te and 184Os. The large dis-
crepancy among the (γ,α) cross sections shown in Figure
2 indicates that the OMPs for α particle, especially at
the astrophysical energy range below Coulomb barrier,
has not been determined very well, which could be the
main source to cause the uncertainties of cross sections.
Furthermore, for the systematical investigation of the
sensitivity of astrophysical reaction rate to the OMP, the
comparisons of the (γ,p) reaction rates for about 3000
stable and proton-rich nuclei with 10 ≤ Z ≤ 100, calcu-
lated by the microscopic folding JLMB OMP and the
phenomenological Woods-Saxon OMP, are performed,
and the similar comparisons are also carried out for the
(γ,α) reaction rates calculated by the microscopic fold-
ing M3Y OMP and the phenomenological Woods-Saxon
OMP. Figure 3 and Figure 4 respectively represent in
the (N,Z) plane the ratio of the (γ,p) and (γ,α) reac-
tion rates at T9=2.5 calculated by the microscopic fold-
ing OMPs to those calculated by the phenomenologi-
cal Woods-Saxon OMPs. It is demonstrated that the
differences of (γ,α) reaction rates could be one order
of magnitude, especially for the proton-rich nuclei with
40 ≤ Z ≤ 80 that can significantly contribute to the
p-process nucleosynthesis.
C. Proposed photonuclear experiments
The systematic comparisons reveal that the photodis-
integration reaction rates involving charged particles, es-
pecially for the (γ,α) reaction, can be dramatically influ-
enced by the OMP. Therefore, the experimental studies
of the photodisintegration reactions are proposed, and
the OMP can be extracted and constrained by fitting
the measured photonuclear data at the energy range of
astrophysics interest, which are expected to be essentially
used for the better determination of the reaction rates.
Although any new knowledge of the nuclear reactions
involved in p-process is helpful, the experimental in-
formation of some specific photodisintegration reactions
that can significantly affect the p-process nucleosynthe-
sis is in particular desirable. Therefore, it is critical to
identify the key photodisintegration reactions in the p-
process nucleosynthesis, especially the (γ,p) and (γ,α)
reactions, that need prioritizing for the experimentally
study. Recently, the uncertainties of the p-nuclei pro-
duction originated by the variations of the astrophysi-
cal reaction rates are systematically studied, using the
state-of-the-art Monte Carlo procedure [11, 12], and the
important reactions for determining the abundance of the
p-nuclei are identified. In the present study, the key re-
actions of (γ,p) and (γ,α) identified by Refs. [11, 12]
are initially considered as the candidates of the photonu-
clear measurement. Furthermore, by explicitly checking
the half-live of the nuclei involved in these candidate re-
actions, it is found that many of them cannot be experi-
mentally studied via the photonuclear channel, due to the
unavailability of the radiative targets. However, among
these candidate reactions, the (γ,p) reaction on the target
nuclei of 84Sr, 92Mo, 93Nb, and 96Ru, as well as the (γ,α)
reactions on the target nuclei of 74Se and 96Ru could be
measured, if the availabilities of the targets are merely
considered. These six reactions are selected for the sim-
ulation studies of the photonuclear measurements.
Besides the important reactions selected according
to the astrophysical simulation, it is also worthwhile
to conduct the measurements of some interesting (γ,p)
and (γ,α) reactions on the targets of p-nuclei. This
is mainly because the inverse processes (e.g. the
capture reactions) of such (γ,p) and (γ,α) reactions
have been experimentally studied, or cannot be mea-
sured due to the unavailability of the radiative targets.
For example, the measurements of 70Ge(α,γ)74Se [51],
90Zr(α,γ)94Mo [52], 92Zr(p,γ)93Nb [53], 94Mo(α,γ)98Ru
[54], and 108Cd(α,γ)112Sn [55] have been performed,
while the experiments of 73As(p,γ)74Se, 111In(p,γ)112Sn,
140Nd(α,γ)144Sm, and 180W(α,γ)184Os cannot be con-
ducted because the radiative targets are not available. It
is expected that the experiments of some interesting (γ,p)
and (γ,α) reactions on the targets of p-nuclei would be
able to provide the significant supplements of the nuclear
properties (e.g. the OMP) to the studies of p-process nu-
cleosynthesis.
Therefore, considering both the important reactions
identified by the nucleosynthesis studies and the purpose
of complementing the experimental results for the inter-
esting reactions involving p-nuclei, in the present study
we eventually designate six (γ,p) reactions on the targets
of 74Se, 84Sr, 92Mo, 93Nb, 96Ru, and 112Sn, and eight
(γ,α) reactions on the targets of 74Ge, 94Mo, 96Ru, 98Ru,
102Pd, 112Sn, 144Sm, and 184Os as the candidates for the
further experimental campaigns. The realistic GEANT4
simulations of these fourteen photonuclear measurements
at ELI-NP will be conducted in the following section.
IV. SIMULATION OF PHOTONUCLEAR
MEASUREMENTS BASED ON ELI-NP
A. γ-beam facility at ELI-NP
The Extreme Light Infrastructure-Nuclear Physics
(ELI-NP) is aiming to use extreme electromagnetic fields
for nuclear physics research [56], which comprises a high
power laser system and a very brilliant γ-beam system.
The technology involved in the construction of both sys-
tems is at the limits of the present-day technological
capabilities. The high-brilliance narrow-bandwidth γ-
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beam, produced via Compton backscattering of a laser
beam off a relativistic electron beam, will be delivered at
ELI-NP, with the spectral density of 104 photons/s/eV,
the energies up to 19.5 MeV, and the bandwidth of
0.5%. The main features of the γ-beam can be found
in Ref. [57]. The research program of ELI-NP covers
a broad range of the key topics in frontier fundamental
physics and nuclear physics [58, 59]. In particular, thanks
to the excellent features of the γ-beam, ELI-NP will pro-
vide unique opportunities to experimentally study the
γ-induced reactions of nuclear astrophysics interest.
B. Development of charged particles detector at
ELI-NP
For the detection of charged particles, the silicon de-
tector is one of the best solutions because it can guar-
antee an exceptional energy resolution and has essen-
tially 100% efficiency. For the photonuclear reactions
of astrophysical relevance, the energies of the emitted
charged particles range from few hundreds keV to few
MeV, so the low-threshold detector is necessary. Mean-
while, the kinematical identification is a viable option to
separate the interesting particles from others. In prac-
tical, the silicon strip array has been successfully ap-
plied for the nuclear astrophysics studies, for example,
the Oak Ridge Rutgers University Barrel Array (OR-
RUBA), the Array for Nuclear Astrophysics Studies with
Exotic Nuclei (ANASEN) [60], the Advanced Implanta-
tion Detector Array [61], and the silicon strip particle
detector array TIARA [62]. With a common effort by
ELI-NP and INFN-Laboratori Nazionali del Sud (INFN-
LNS) in Catania, Italy, the Extreme Light Infrastruc-
ture Silicon Strip Array (ELISSA) is being developed
[25]. The GEANT4 simulation [63] proves that a bar-
rel configuration of ELISSA is particularly suited as it
not only guarantees a very good resolution and granular-
ity but also ensures a compact detection system and a
limited number of electronics channel. The final design
of ELISSA consists of three rings of twelve X3 position-
sensitive detectors produced by Micron Semiconductor
Ltd. [64] in a barrel-like configuration, with the assem-
bly of four QQQ3 segmented detectors produced by Mi-
cron Semiconductor Ltd. as the end caps of both sides.
Such configuration ensures a total angular coverage of
20 ≤ θ ≤ 160 in the laboratory system. Furthermore, the
prototype of ELISSA has been constructed and tested at
INFN-LNS with the α particle source and the 11 MeV
7Li beam, and the preliminary experimental results show
that the energy resolution is less than 1% and the posi-
tion resolution reaches 1 mm [65–68].
C. GEANT4 simulation: Algorithm
The experiments of the six (γ,p) reactions and eight
(γ,α) reactions identified in Section III C are simulated
with the help of GEANT4-GENBOD approach [69],
which is a data-based Monte Carlo program aim to ac-
curately simulate the specific photonuclear reactions in
the framework of GEANT4. The (γ,p) and (γ,α) cross
sections calculated by the microscopic folding OMPs in
Section IIIA are incorporated in the simulation as the in-
puts, to generate the spectra and experimental yields of
the emitted charged particles. In the simulation, the fea-
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tures of the γ-beam facility at ELI-NP with the photon
intensity of 104 photons/s/eV and the energy bandwidth
of 0.5% [57] are taken into account, and the configuration
of ELISSA [25] is implemented accordingly. A double-
layer structure of the target is used for the simulation,
consisting of a 10 µm target foil facing the γ-beam and
a 0.266 µm Carbon backing.
Besides the photonuclear reactions, the incident γ-
beam can further induce Compton effect and pair pro-
duction in the target, which is also taken into account by
invoking the electromagnetic physical process in the sim-
ulation. In order to separate the interesting charged par-
ticles from others, discrimination should be made on the
energy spectra of the outgoing particles including elec-
tron, photon, proton and α particle. In fact, the back-
ground event rate of Compton effect and pair production
is rather small. The energy deposit of the electron back-
ground is as low as several hundreds keV, which can be
readily removed by introducing a negligible threshold on
the detector. Therefore, the key issue is to distinguish
the products from the photonuclear nuclear reactions.
The possibility to use the kinematical method for dis-
entangling the charged particles emitted from the photo-
disintegration reactions of astrophysical relevance will be
investigated in the following parts.
D. GEANT4 simulation: Spectra
For a given photonuclear reaction A(γ,b)B, the peak
energy of the emitted particle can be calculated by the
kinematical equation of
Eb =
MB
MB +Mb
(Eγ +Q), (9)
where MB and Mb are the atomic mass of the residual
nucleus and the emitted particle, respectively. In the
present case b denotes proton or α particle, Eγ is the
energy of the incident γ-beam, Q is the Q-value of the
reaction A(γ,b)B. It can be seen that from Eq. (9), the
peak energy of the emitted proton is generally different
to that of the emitted α particle, due to the discrepancy
between the Q-value of the (γ,p) reaction and that of the
(γ,α) reaction. Such difference, as an energy gap, can be
expressed by
∆E = Eα − Ep
=
MR
MR +Mα
(Eγ +Q(γ,α))
−
MR
MR +Mp
(Eγ +Q(γ,p)). (10)
The existence of ∆E is beneficial to the disentanglement
of the charged particles, though the ELISSA detector
already ensures a high energy resolution as mentioned
above. Obviously, the larger energy gap (∆E ) indicates
the better particle identification between proton and α
particle.
It is worth noting that in principle the particle disen-
tanglement can be performed based on the kinematics of
the emitted particles. However, the theoretical calcula-
tions show that the angular dependence of the (γ,p) and
(γ,α) reactions is very weak, and the nearly isotropic an-
gular distributions of proton and α particle are obtained
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FIG. 5: The energy spectra of α particle (solid line) and proton (dash line) from the photodisintegration reactions on the
targets of 74Se, 96Ru, and 112Sn at Eγ = 9.5 MeV [(a), (c) and (e)] and Eγ = 10 MeV [(b), (d) and (f)], respectively.
due to the dominant contribution from the compound re-
action mechanism at the low energy range of astrophysics
interest. Therefore, the entire energy spectra remains as
an effective way of particle identification.
The simulated energy spectra of proton and α particle
emitted from the γ-induced reactions on 74Se, 96Ru and
112Sn are obtained and shown in Figure 5. Two different
γ-induced energies, 9.5 MeV and 10 MeV, are used for
the simulation. The energy gap ∆E for the (γ,p) and
(γ,α) reactions on 74Se is approximately 4.5 MeV, and
for those reactions on 96Ru and 112Sn, ∆E increases to ∼
5.5 MeV. The energy gaps obtained by the simulation are
in good agreement with the values estimated via Eq. (10),
which reveals the reasonability of the present simulation.
Meanwhile, Figure 5 shows that the proton energies
are much lower than the α particle energies, due to the
larger separation energies of proton. Furthermore, the
energy spectra of proton are visibly narrower than those
of α particle, because of the longer energy range and the
weaker energy loss of proton in the target. In Figure 5 we
can see that at Eγ ≤ 10 MeV, the peak energy of proton is
as low as 1.0− 3.5 MeV, and the peak energy of α particle
is in the range of 5.0 − 8.0 MeV. This means that α par-
ticle can be readily identified in the measurement. The
background of α particle generated by the photonuclear
reaction on the Carbon backing can hardly impact the
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FIG. 6: The proton yield (count per day) of the (γ,p) reaction
on the targets of 74Se, 84Sr, 92Mo, 93Nb, 96Ru, and 112Sn. The
thickness of target is set as 10 µm.
measurement, because the cross section of nat.C(γ,α) is
much less than those of the studied targets. On the other
hand, compared to the case of α particle, the proton is
potentially likely to be contaminated by the background
events of electron generated by the γ-beam interaction
with the target foil and Carbon backing. However, this
kind of background event rate is rather small [69].
E. GEANT4 simulation: Reaction yields
The total reaction yield at a given incident γ-beam en-
ergy can be obtained by integrating the energy spectra.
At the incident γ-beam energy range of 8 − 15 MeV, the
simulated (γ,p) reaction yields for the six targets of 74Se,
84Sr, 92Mo, 93Nb, 96Ru, and 112Sn are shown in Figure 6,
and the simulated (γ,α) reaction yields for the eight tar-
gets of 74Se, 94Mo, 96,98Ru, 102Pd, 112Sn, 144Sm, and
184Os are shown in Figure 7, respectively. In general, the
experimental yields of both proton and α particle drop
dramatically with the decrease of the incident γ-beam
energy. For the targets of 74Se, 96Ru, and 112Sn, the α
particle yields are lower by one order of magnitude than
the proton yields at the same incident γ-beam energy.
The required energies of the γ-beam which can satisfy
the minimum measurable limit of the experimental yield
is necessary to evaluate the feasibility of the photonuclear
measurement. In the present simulation, the minimum
measurable limit for proton or α particle is set as 100
counts per day. We choose such relative larger amount
of the minimum measurable limit (100 counts per day) in
order to account for the uncertainties of the theoretical
cross sections, as the experimental yields are simulated
based on the theoretical cross sections. To meet this cri-
teria of the detectable limit, the minimum required ener-
gies of the γ-beam for the (γ,p) and (γ,α) reactions are
deduced. For the six (γ,p) reactions of 74Se, 84Sr, 92Mo,
93Nb, 96Ru, and 112Sn, the minimum required energies of
the γ-beam (Ethγ ) are 9.6, 10.3, 9.3, 8.1, 9.2, and 9.4 MeV,
respectively. That is to say that, the (γ,p) cross sections
down to several nanobarns can be measured. For the
(γ,α) reactions of 74Se, 94Mo, 96Ru, and 98Ru, the mini-
mum required energies of the γ-beam (Ethγ ) are 8.5 MeV,
7.7 MeV, 7.8 MeV, and 8.5 MeV, respectively. The (γ,α)
reactions of 102Pd, 112Sn, and 144Sm share approximately
the same Ethγ = 8.6 MeV, and E
th
γ for the
184Os(γ,α) re-
action is as low as 8.3 MeV.
F. Discussion of the photonuclear measurements
A more important issue is to estimate the minimum re-
quired energies of the inducing γ-beam for the measure-
ments of the (γ,p) and (γ,α) reactions, simultaneously
satisfying both the minimum measurable limit of the ex-
perimental yield (100 count per day) and the particle
disentanglement between proton and α particle. At first,
we note that the threshold energy of the (γ,α) reaction is
usually lower than that of the (γ,p) reaction. Therefore,
below the threshold energy of the (γ,p) reaction, only α
particle can be found if the experimental yield reaches
the detectable criteria of 100 count per day. In this sit-
uation, no particle identification needs to be performed,
which is the advantage for the α particle detection.
When the γ-beam energy rises above the threshold en-
ergy of the (γ,p) reaction, proton would be detected if the
experimental yield reaches the detectable limit. However,
such experimental event of proton could not be identi-
fied due to the overlap spectra of proton and α parti-
cle. For example, in Figure 5(a), the spectra of proton
can not be separated from the spectra of α particle at
Eγ = 9.5 MeV for
74Se(γ,p) reaction, hence the experi-
mental yield can no longer be counted accurately. It is
known from Section IVD that, the minimum required
energy of the γ-beam for 74Se(γ,p) reaction that meets
the measurable limit of 100 count per day is 9.6 MeV.
However, according to the simulation result for the en-
ergy spectra, such minimum energy has to be moved up-
ward by 0.3 MeV if the particle disentanglement is taken
into account simultaneously. Similarly, in order to satisfy
the measurable criteria including both the minimum de-
tectable limit of experimental yield (100 count per day)
and the particle identification between proton and α par-
ticle, the minimum required energy of the γ-beam for
84Sr(γ,p) reaction raises by 0.3 MeV approximately, and
for 96Ru(γ,p) and 112Sn(γ,p) reactions it raises by 0.2
MeV. For 92Mo(γ,p) and 93Nb(γ,p) reactions, such min-
imum required energy of the γ-beam remains the same
value given by Section IVD. Note that because of the
extremely low cross section for 92Mo(γ,α) reaction, the
experimental yield of α particle would not influence the
detection of proton around and above the incident γ-
beam energy of 9.3 MeV.
Beyond the minimum required energy of the γ-beam
for the (γ,p) reactions described as above, the experimen-
tal yields of proton and α particle are comparable. In this
energy range, thanks to the sufficiently large gap (∆E in-
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troduced in Section IVC) between the energy spectra of
proton and α particle, it is possible to perform the par-
ticle identification. In general, both the (γ,p) and (γ,α)
reactions can be measured simultaneously, when the en-
ergy of the inducing γ-beam is larger than the proton
separation energy by about 1.0 - 2.0 MeV. This means
that the minimum detectable cross section is in the order
of 10−4 mb.
The feasibility to perform the experiments of the six
(γ,p) reactions on 74Se, 84Sr, 92Mo, 93Nb, 96Ru, and 98Ru
as well as the eight (γ,α) reactions on 74Se, 94Mo, 96Ru,
98Ru, 102Pd, 112Sn, 144Sm, and 184Os directly in their
respective Gamow windows [14, 70, 71] are further eval-
uated. For these reactions, the Gamow windows at T9 =
12
2.5, as a typical temperature of the p-process, are calcu-
lated and illustrated by the length of the lines in Figure 8.
Meanwhile, the minimum required energies of the induc-
ing γ-beam that satisfy the measurable criteria includ-
ing both the minimum detectable limit (100 counts per
day) of the reaction yields and the particle identification
are correspondingly shown in Figure 8 by the pentagram
points. For the (γ,p) reactions in Figure 8(a), the Gamow
windows locate above the minimum required energies of
the inducing γ-beam. This means that the measurements
of these (γ,p) reactions can be readily conducted in the
energy ranges of the Gamow windows at T9 = 2.5. In
Figure 8(b) it is shown that the 74Se(γ,α) reaction can
be measured in the entire energy range of the Gamow
window at T9 = 2.5. However, the experiments of the
rest (γ,α) reactions could be conducted only in 10% -
70% of the entire Gamow windows at T9 = 2.5 (the up-
per parts of the lines above the pentagram points shown
in Figure 8), due to the insufficient experimental yields
of these (γ,α) reactions below the minimum required en-
ergies of the inducing γ-beam. According to this feasibil-
ity investigation, it is suggested that the experiments of
74Se(γ,α) and 92Mo(γ,p) reactions based on the γ-beam
facility at ELI-NP could be given precedence.
So far, only the ground state of the residual nucleus
generated by the photodisintegration is taken into ac-
count in the present simulation and discussion. This
is because the contribution from the photodisintegration
occurring to the ground state of the residual nucleus is
generally dominant, when the inducing γ-beam energy is
relatively lower (e.g., a few MeV higher than the parti-
cle separation energy). However, the proportion of the
produced residual nuclei in their excited states may be
considerable, when the inducing energy of the γ-beam
increases. In this case, it is important to further investi-
gate the possibility to disentangle the reaction products
in different final states, which can be practically done, for
example, by distinguishing the emitted α particle from
the (γ,α0) and (γ,α1) channels. Such relevant studies of
the photonuclear reactions involving the excited states
are in progress, which would allow us to better discrimi-
nate the influence of the OMP, apart from other nuclear
properties, on the reaction yields.
V. SUMMARY
The photodisintegration reaction rates involving
charged particles are of relevance to the p-process nucle-
osynthesis that aims at explaining the production of the
stable and neutron-deficient nuclides heavier than iron
observed up to now in the solar system exclusively. In
the present study, considering the compound and pre-
equilibrium reaction mechanisms, we compute the cross
sections and the astrophysical reaction rates for the (γ,p)
and (γ,α) reactions on about 3000 target nuclei with
10 ≤ Z ≤ 100 ranging from the valley of β-stability to
the proton drip line. Furthermore, the phenomenological
Woods-Saxon and microscopic folding OMPs are both
used in the present calculation to investigate the sensi-
tivity of the reaction rate to the OMP. According to the
systematic comparisons of the present calculations and
the previous results, fair agreements of the studied (γ,p)
cross sections are obtained, but the evident differences of
the cross sections for the (γ,α) reactions on the targets
of 102Pd, 120Te, and 184Os are found. Furthermore, for
about 3000 target nuclei, the ratios of the reaction rates
computed by the Woods-Saxon OMP to those computed
by the folding OMP at T9=2.5 are represented on the
N-Z plane, which reflects that the (γ,α) reaction rates,
especially for the proton-rich nuclei with 40 ≤ Z ≤ 80
that significantly contribute to the p-process, are very
sensitive to the OMP of α particle. Therefore, it is re-
vealed that the better determination of OMP, especially
at the energy range below the Coulomb barrier, is cru-
cial to reduce the uncertainties of the photodisintegration
reaction rates involving charged particles.
A new γ-beam facility at ELI-NP is being devel-
oped, and it will open new opportunities for experimen-
tally studying the photodisintegration reactions of astro-
physics interest. Furthermore, the development of the
charged particles detector ELISSA allows us to measure
the photodisintegration reactions involving charged par-
ticles. Considering both the important reactions iden-
tified by the nucleosynthesis studies and the purpose of
complementing the experimental results for the reactions
involving p-nuclei, the measurements of six (γ,p) reac-
tions on 74Se, 84Sr, 92Mo, 93Nb, 96Ru, and 98Ru, as
well as eight (γ,α) reactions on 74Se, 94Mo, 96Ru, 98Ru,
102Pd, 112Sn, 144Sm, and 184Os are proposed based on the
γ-beam facility and the ELISSA detector at ELI-NP. In
particular, the GEANT4 simulations for these (γ,p) and
(γ,α) reactions of astrophysics interest are conducted us-
ing the calculated cross sections and the features of ELI-
NP and ELISSA, and the energy spectra and reaction
yields of the emitted charged particles are subsequently
obtained. Moreover, taking into account the measurable
criteria of both the minimum detectable limit for the ex-
perimental yield (100 counts per day) and the particle
identification for proton and α particle, the minimum re-
quired energies of the inducing γ-beam to measure the
six (γ,p) and the eight (γ,α) reactions are estimated,
which locate within their respective Gamow windows at
T9=2.5. Therefore, it is quite feasible and prospective
to conduct the experiments of these proposed (γ,p) and
(γ,α) reactions directly within the energy ranges of the
Gamow windows at T9=2.5. Eventually, we expect that
the present pivotal work will guide the future measure-
ments of the photodisintegration reactions at ELI-NP.
The future experimental results will be used to constrain
the OMPs of the charged particles, which can reduce the
uncertainties of the reaction rates for the p-process nu-
cleosynthesis.
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